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1. Introduction 
Syngas is a mixture of carbon monoxide (CO) and hydrogen (H2). Syngas has 
been influential in the development of human society. It has provided heat and power, 
and fueled vehicles through both direct use and conversion to liquid fuels. With global 
energy demand rising, syngas will become increasingly important for energy, electric, 
and liquid fuels. In order to develop new type of clean energy, effective utilization of 
syngas is crucial to realize the above targets. Based on this goal, here the doctoral 
thesis is composed of three sections. Section Ⅰis ethanol direct synthesis from 
dimethyl ether and syngas on the combination of noble metal impregnated zeolite 
with Cu/ZnO catalyst; section Ⅱ is completed encapsulation of cobalt particles in 
mesoporous H-ZSM-5 zeolite catalyst for direct synthesis of middle isoparaffin from 
syngas; section Ⅲ is citric acid assisted one-step synthesis of highly dispersed 
metallic Co/SiO2 without further reduction: As-prepared Co/SiO2 catalysts for Fischer
–Tropsch synthesis. 
In the first section, we discussed two method for ethanol direct synthesis, one 
was ethanol (EtOH) selectively synthesized from dimethyl ether (DME) and syngas 
(CO+H2) with a dual-catalyst bed in a single reactor. H-Mordenite (H-MOR) zeolite 
was used to convert DME into methyl acetate (MA) through carbonylation reaction in 
the first stage reaction, and then EtOH was produced by MA hydrogenation over the 
Cu/ZnO catalyst at the second stage. In addition, the metals such as Pt, Pd or Ru were 
used to impregnate H-MOR catalyst by impregnation method to improve its catalytic 
activity. The combination of Pt/H-MOR catalyst with Pt loading amount of 0.4 wt% 
and Cu/ZnO catalyst showed excellent catalytic performance compared with the 
conventional combination of pure H-MOR catalyst and Cu/ZnO catalyst. The other 
method was one-step synthesis of ethanol from syngas and dimethyl ether (DME) 
over a well-designed capsule catalyst with Cu/ZnO core and H-Mordenite (H-MOR) 
zeolite shell. The as-synthesized capsule catalyst exhibited excellent performance for 
EtOH synthesis with EtOH selectivity up to 44.2%. The high EtOH selectivity was 
mainly attributed to the unique core-shell structure of the capsule catalyst which 
controlled the reaction routes during the EtOH synthesis. DME and syngas was forced 
to contact the H-MOR zeolite shell firstly, where DME was carbonylated to methyl 
acetate (MA) freely without the competitive sorption of methanol and H2O 
(byproducts of the reactions). The thickness of H-MOR zeolite shell played an 
important role in controlling the reaction route by promoting the DME 
carbonylization and hindering the methanol synthesis from CO hydrogenation.The 
Brønsted acidic sites were the actives centers for carbonylization of DME and the 
amount of Brønsted acidic sites in the H-MOR zeolite shell determined the activity 
and selectivity for EtOH one-step synthesis to some extent. 
In section Ⅱ, a completed encapsulation of cobalt particles in mesoporous 
H-ZSM-5 zeolite catalyst was designed for direct synthesis of middle isoparaffin from 
syngas. This catalyst was synthesized using mesoporous carbon as a hard template 
and evaluated in Fischer–Tropsch synthesis (FTS) for direct synthesis of middle 
isoparaffin. The characterization and catalytic performance tests revealed that the acid 
sites of mesoporous zeolite tuned FTS product distribution. The isoparaffin selectivity 
of Co/MZ was 34.6% to become the main FTS products because of the optimized 
hydrocracking and isomerization function of the mesoporous structure of H-ZSM-5 
support. The novel route of catalyst preparation, first reported here, can also be 
extended into other clean fuel synthesis fields. 
In section Ⅲ, Highly dispersed metallic Co/SiO2 catalysts are prepared by a 
novel citric acid assisted synthesis method in an argon atmosphere and directly used 
in Fischer–Tropsch synthesis without further reduction. CH4 and H2 derived from the 
decomposition of metal–citric acid complexes act as reductants for synthesizing 
metallic Co0 from Co2+ in the chelating complexes. Thermogravimetry, differential 
thermal analysis, X-ray diffraction, transmission electron microscopy, 
temperature-programmed reduction, H2-chemisorption, and Brunauer–Emmett–Teller 
methods are used to identify the catalysts, proving that cobalt species are almost 
completely reduced (reduction degree: 95%) to metallic Co0 and highly dispersed on 
the SiO2 support with small cobalt crystallite sizes (about 3 nm). The activity of this 
proposed catalyst is about 4-times of that prepared by the conventional 
incipient-wetness impregnation method. However, a tremendous amount of methane 
and lots of CO2 are produced. This novel citric acid assisted synthesis method herein 
is promising for preparing highly dispersed supported metallic catalysts, especially for 
the catalysts which are difficult to reduce. 
  
2. Activity test for different catalysts 
In Section Ⅰ, The one-step synthesis ethanol was tested in a fixed bed reactor 
(9.5 mm OD). 0.5 g catalyst was loaded in the reactor and reduced by pure H2 at 573 
K for 10 h. After the reduction, the temperature was cooled down to 493 K under a N2 
flow of 40 ml/min. Then, the N2 flow was replaced by the reactant gas 
(Ar/DME/CO/H2= 1.55: 2.35: 46.10: 50.00, 40 ml/min) and the ethanol synthesis 
reaction started. All the effluent gases from the reactor were analyzed by an online gas 
chromatograph equipped with a thermal conductivity detector (Porpak Q column for 
DME, CO, CO2 and Ar). An ice-water trap with 1-butanol as solvent was used to 
collect the liquid products, which were analyzed by a flame-ionization detector 
connected dual columns (packed by Gaskuropack 54 and Porapak N packing 
materials). In this work, all of the selectivity results were molecular selectivity. 
In section Ⅱ, FTS reaction was carried out in a flow-type pressurized reactor. 
In brief, the mesoporous catalyst containing 0.05 g Co0 was loaded in the middle of 
reactor and reduced in situ at 400 oC in a flow of pure H2 (80 ml/min) for 10 h prior to 
reaction, and then the FTS reaction was implemented with syngas (H2/CO = 2, W/F = 
10 g h/mol). An ice trap with solvent was fixed between reactor and back pressure 
regulator to capture the heavy hydrocarbons which were finally analyzed by an offline 
gas chromatograph (Shimadzu GC-2014, FID). The effluent gas were analyzed online 
by another two gas chromatographs (Shimadzu GC-8A, TCD and Shimadzu GC-14B, 
FID). 
In section Ⅲ , Catalytic testing was carried out using a semi-batch 
slurry-phase reactor with an inner volume of 85 mL. One gram of the catalyst was 
loaded into the reactor with 20 mL n-hexadecane as the liquid medium. The reaction 
conditions were: P (total) = 1.0 MPa, T = 513 K, CO/H2 = 1 : 2, W/F (CO + H2 + Ar) 
= 10 ghmol-1 for TOS 15 h. The effluent gas from the reactor was analyzed by an 
online gas chromatography. A thermal conductivity detector (TCD) was used to 
analyze gaseous products (CO, CO2 and CH4). 3% argon is used as inner standard. 
Light hydrocarbons (C1-C5) were analyzed on-line by a flame ionization detector 
(FID) with a Porapak-Q column. The analysis of hydrocarbons dissolved in the 
solvent and cooled in the trap was carried out by FID with a silicone SE-30 column. 
 
3. Conclusions 
In Section Ⅰ , one-step synthesis of EtOH from DME and syngas was 
achieved for the first time over a well-designed capsule catalyst with Cu/ZnO core 
and H-MOR zeolite shell. The capsule catalyst exhibited high DME conversion of 
10% and EtOH selectivity of 44.2%. The high performance of the capsule catalyst 
was mainly attributed to the unique core-shell structure. MOR zeolite shell isolated 
the Cu/ZnO catalyst from syngas and restrained the hydrogenation of CO, which 
made the carbonylation of DME freely without the competitive sorption of methanol 
and H2O. The thickness of MOR zeolite shell played an important role in controlling 
the reaction routes and improves the EtOH synthesis. With the increase of thickness of 
the MOR zeolite shell, both the DME conversion and EtOH selectivity increased. 
Brønsted acidic sites were the actives centers for carbonylization of DME and the 
amount of Brønsted acidic sites in the H-MOR zeolite shell determined the activity 
and selectivity for EtOH one-step synthesis to some extent. 
In section Ⅱ , a mesoporous H-ZSM-5 zeolite catalyst with completely 
encapsulated cobalt clusters inside its body was prepared using mesoporous carbon as 
a hard template. The obtained cobalt/acidic zeolite catalyst was successfully applied 
in the direct synthesis of middle isoparaffin from syngas via FTS reaction. Since the 
quick diffusion rate of reactants/products and space confinement offered by the 
mesoporous H-ZSM-5 zeolite, a sharp anti-ASF law product distribution was realized 
on the Co/MZ catalyst, as well as improving middle isoparaffin selectivity. This new 
route of cobalt clusters encapsulated by mesoporous H-ZSM-5 zeolite can be widely 
applied in designing other potential microporous zeolite with mesoporous channels 
for varied tandem catalysis processes. 
In section Ⅲ , Highly dispersed metallic Co/SiO2 catalysts are directly 
prepared by a novel citric acid assisted synthesis method in an argon atmosphere 
without further reduction. During the combustion process, CH4 and H2 derived from 
the decomposition of metal-citric acid complexes act as reductants. Co2+ in the 
metal-citric acid complexes can be reduced to the metallic Co0. The as-prepared 
Co/SiO2 catalyst is directly used in FTS and exhibits much higher activity, as 
compared with conventional cobalt nitrate and cobalt citrate impregnation methods. 
However, a tremendous amount of methane and lots of CO2 are produced. This citric 
acid assisted synthesis method has the following features: 1) highly dispersed (cobalt 
dispersion: 20.9%) metallic Co/SiO2 catalysts with smaller cobalt crystallite sizes (3.0 
nm) can be directly synthesized without further reduction; 2) the activity of 
as-prepared Co/SiO2 catalysts for FTS is significantly high; 3) the whole catalyst 
preparation process is easily-operated with inexpensive materials. This citric acid 
assisted synthesis method provides a new way to prepare highly dispersed metallic 
catalysts, especially for the catalysts which are difficult to reduce at high temperature. 
